As a result of its transforming abilities, activated Ras is expressed in a great number of cancers. The ras mutation frequency varies between 95% in pancreatic cancer and 5% in breast cancer. In leukemia, the highest frequency (30%) is found in acute myeloid leukemia. The presence of ras mutations has been correlated with a poor prognosis and negative clinical outcome. This suggests that mutated Ras activates mechanisms, which favor tumor growth, enhance the metastatic capacity of tumors or modulate tumor-specific immune responses. Several new functions of Ras, such as downregulation of major histocompatibility complex molecules, upregulation of certain cytokines, growth factors and degradative enzymes have been uncovered in the last decade. Additionally, mutated Ras can also serve as a primary target for the development of immunotherapy or drug therapy. This review will discuss the mechanisms by which Ras expressing tumors are able to evade destruction by the immune system and enhance their growth and metastatic potential. It will further elaborate on the attempts to develop successful immunotherapy and drug therapy targeting Ras expressing tumors.
Introduction
Mutations in the ras proto-oncogene have been implicated in a large variety of human malignancies. 1 High frequencies of ras mutations have been found in pancreas, colorectal and thyroid carcinomas. In myeloid leukemia, the overall frequency of ras mutations is approximately 30%. 1 These mutations result in a constitutively active Ras protein, which disrupts the normally tightly regulated Ras-dependent signal transduction pathways. This disruption can have several consequences, including transformation. The fact that deregulation of Ras activity is a widespread phenomenon in a large number of cancers would suggest that the presence of activated Ras can result in a growth advantage, by stimulating tumor growth and/or by modulating the immune response against the tumor cells. Indeed, studies investigating the effect of the ras mutations on tumor growth characteristics, potential to metastasize and prognosis suggests a correlation between Ras expression and clinical outcome (Table 1) . A number of studies have attempted to determine if Ras mutations have an influence on prognosis, disease-free and overall survival in several forms of leukemia. These studies indicated that the presence of ras mutations in leukemia had a negative impact on survival. Particularly in myelodysplastic syndrome (MDS), N-ras mutations were associated with a poor prognosis and an increased risk at progression to acute myeloid leukemia (AML). [2] [3] [4] A minor number of studies claim that ras mutations have no effect on clinical outcome in myeloid leukemia. [5] [6] [7] Correspondence: WM Kast; Fax: 17083273238 Received 9 November 1998; accepted 15 December 1998 However, in these studies a smaller number of ras-positive patients was analyzed, which reduces the power needed to determine the prognostic significance of ras mutations in hematological malignancies.
Comparable studies have been performed in other types of cancer. In breast cancer, more invasive tumors express higher levels of Ras than less aggressive tumors. 8 In colorectal cancer, a comparison of the K-ras mutation rate between patients with and without recurrent disease showed that 71% of patients with recurrent disease demonstrated a K-ras mutation vs only 25% of patients who were disease-free 5 years after surgery, a highly significant difference. 9 In lung carcinoma, mutations in K-ras have also been related to poorer prognosis and shorter survival. [10] [11] [12] When benign pancreatic adenomas were compared with pancreatic carcinomas only the latter exhibited 100% K-ras mutations. No mutations were found in benign lesions, suggesting that activated Ras is correlated with a malignant phenotype. 13 In other studies K-ras mutations in pancreatic and colorectal carcinomas were not found to correlate with decreased patient survival. [14] [15] [16] These studies analyzed a smaller number of patients with Ras expressing tumors and as a consequence the observed trend toward a poorer prognosis in patients with Ras mutations was found not to be significant. The correlation between the presence of activated Ras in these tumors and their poorer prognosis can be linked to several mechanisms initiated by Ras. This review will discuss the current knowledge on the modulation of tumor growth and immune escape mechanisms by activated Ras and possible strategies to develop treatments targeting tumors expressing activated Ras.
Ras characteristics
The three human ras genes encode 21 kDa proteins: H-Ras, K-Ras and N-Ras. The ras genes show a high degree of homology in their sequence: the first 164 amino acids are homologous and the cysteine, located four amino acids from the Cterminus is identical in all three proteins. Ras proteins are expressed in most adult and fetal tissues, although the level of expression may vary among different tissues and different Ras protein isoforms. 17 For example, H-Ras expression is very high in skin and skeletal muscle, whereas expression of K-Ras is high in gut and thymus and N-Ras expression is highest in testis and thymus. 18 Ras is a protein, which can bind to guanosine triphosphate (GTP). This activates the Ras protein and hydrolysis of GTP into guanosine diphosphate (GDP) and a phosphate will inactivate Ras. The activity of Ras is regulated by two sets of proteins: guanine-nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). 19 GEFs, like Sos1/2, stimulate the release of the Ras bound GDP. 20 This results in binding of GTP to Ras because of a natural excess of GTP in the cell. GAP proteins, like neurofibromin 1 (NF1), accelerate the hydrolysis of GTP into GDP. 19 Therefore, the GAP proteins are negative regulators of Ras functions. This balance of GTP binding and hydrolysis tightly regulates the functions of Ras and disturbances of this balance have been implicated in many types of cancer.
Functions of Ras
Although Ras functions are complex and only partially understood, it is known that Ras can only be functional when it is associated with the plasma membrane. Cytokines such as interleukin-2 (IL-2) 21 and growth factors like epidermal growth factor (EGF) or the platelet-derived growth factor (PDGF) 22 signal via Ras. Upon ligand binding, the guanine-nucleotide exchange factor Sos1/2 translocates to the membrane and activates Ras. 22 Consequently, Ras activates the appropriate effector proteins. Downstream effectors of Ras proteins are, among others, phosphatidyl inositol-3-kinase and Raf-1. 23 The function of both proteins is not completely clear. It is believed that Ras activation causes Raf-1 translocation to the plasma membrane, where Raf-1 kinase activity is activated. Raf-1 is then thought to activate other kinases like ERK-1 and ERK-2. 24 In turn, these proteins will activate other MAP kinases that are transported to the nucleus, where they regulate activity of several transcription factors like AP-1 (the jun/fos complex). 22 The transcriptional activation of various target genes results in control of cell growth, cell differentiation or apoptosis, depending on the balance of downstream effectors activated by Ras. 18 Other downstream kinase molecules are the c-jun N-terminal kinase (JNK). 25 A schematic representation of the Ras signaling pathway is presented in Figure 1 .
Ras and cancer
The most common ras mutations have been found in codons 12, 13 and 61, which lock the GTP binding protein into a permanent activation state. 1 These mutations are mostly substitutions, which render Ras proteins resistant to GAPs and consequently prevent hydrolysis of GTP into GDP. 18 This continuously activated Ras protein can autonomously stimulate cell growth or differentiation by stimulating its downstream effectors.
Apart from direct mutations in the ras gene, other events have been reported to affect the regulation of Ras. Constitutive activation of GEFs leads to a continuous state of activation for Ras proteins without a mutation in the ras gene itself. Furthermore, loss of GAPs, which normally catalyze the hydrolysis of Ras-GTP into Ras-GDP, can result in constitutive association of Ras with GTP and therefore activation of Ras. An example of this deregulation will be discussed in relation to the development of leukemia. Another factor important for Ras regulation is the upstream signal resulting in Ras activation. Overexpression or truncation of certain growth factor receptors, like the EGF receptor and the PDGF receptor, that act through the Ras signaling pathway, may also result in con-
Figure 1
Schematic representation of the normal signaling pathway through Raf.
tinuous activation of Ras. These activating events have been reported in breast tumors, 26 and in pancreatic cancer.
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Ras activation in leukemia
In several forms of leukemia Ras was found to be deregulated as the result of different events. The most common mechanism is a mutation in certain regions of the ras gene, as mentioned before. The frequency of the mutations found in leukemia patients varies between the different forms of leukemia ( Table  1 ). The highest ras mutation rate is found in MDS and AML with a frequency of approximately 30%. 1 Disturbance of upstream or regulator proteins of Ras can also affect Ras activation ( Figure 2 ) and have been linked to cancer development, ie deregulation of GAPs. Loss of NF1 in certain forms of leukemia was described to correlate with upregulation of Ras activity. 27 Neurofibromatosis patients, who have lost one wild-type NF1 allele, are more likely to develop myeloid leukemia, especially juvenile chronic myeloid leukemia (JCML) by loss of the remaining wild-type NF1 gene.
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Figure 2
Deregulation of Ras activation in different forms of leukemia.
Another mechanism by which upstream proteins can upregulate Ras activity is through disruption of the receptors that activate the Ras signaling pathway. In chronic myelomonocytic leukemia (CMML) PDGF receptor (PDGF-R) is affected by the t(5;12) translocation, which is found in a subset of CMML patients. This translocation fuses PDGF-R to Tel, a transcription factor. It is speculated that Tel dimerizes the PDGF-R, resulting in continuous activation of this receptor in the absence of a ligand and consequently in a constitutive activation of Ras. 29 Furthermore, wild-type Ras can be permanently activated through the BCR-ABL fusion protein. BCR-ABL is fused as a result of the t(9;22) translocation, which is found in a subset of chronic myeloid leukemia (CML) patients. It has been shown that BCR-ABL can activate Ras through permanent activation of Sos1. 30 Downstream of the Ras signaling pathway, Bcl-2 is induced. Bcl-2 is involved in inhibition of programmed cell death (apoptosis) and Ras-induced Bcl-2 prevents apoptosis in hematopoietic cells, resulting in tumor growth.
Immune responses against Ras expressing tumors
Immune responses observed against tumors are mostly based on the activation of T cells. As opposed to B cells, which preferentially recognize surface antigens, T cells can monitor the inside of the cells through interaction between the T cell receptor (TCR) and peptides presented by MHC molecules. These peptides result from degradation of intracellular proteins or extracellular proteins (reviewed in Ref. 31 ). T cells are divided into two major T cell populations. Cytotoxic T lymphocytes (CTLs) are CD8
+ and recognize peptides in complex with MHC class I molecules. Under the appropriate circumstances, CTLs will be activated and are able to kill the cell expressing the peptide. T helper cells, which are CD4 + , recognize peptides on the cell surface associated with MHC class II. Upon activation of T helper cells, they will secrete cytokines which can result in lysis of the target cell directly (TNF-␣) or cytokines which will attract or activate nearby CTLs (IFN-␥ and specific interleukins). Each T cell has its own specificity determined by the TCR and only non-self peptides presented in self MHC are able to activate the CTL or T helper cell through the TCR. Peptides recognized by CTLs are called CTL epitopes and peptides recognized by T helper cells are called T helper epitopes.
Ras-specific T cell responses in mice
Since in some tumors Ras is activated by a mutation in one of its genes, a tumor-specific mutant protein arises. Theoretically, mutated Ras proteins are a source for unique T cell epitopes, which are not present in the wild-type Ras proteins. Considerable effort has been put into the identification of these epitopes, since they represent the targets for possible immunotherapy in patients expressing mutated Ras proteins. CD4 + T cell responses were first found when mice were immunized with mutant Ras peptides or mutated Ras protein. [32] [33] [34] This T cell reactivity was only observed when mice were immunized with the mutant ras peptides. No cross reactivity against the wild-type ras could be detected. 34 The peptide immunization resulted in a T helper 1 response as measured by production of IL-2, IFN-␥, TNF and GM-CSF and was MHC class II restricted. Moreover, the CD4 + T cells demonstrated cytolytic activity against targets loaded with the mutant Ras peptide and tumor cells transfected with K-ras encoding the corresponding point mutation. 32 In 1993 the first CTL epitope in the Ras protein was identified when mice were immunized with DNA encoding for NRas with and without a mutation at codon 61. CTLs isolated from the mice immunized with the mutated peptide only recognized the mutant Ras protein. The CTL epitope recognized was mapped to amino acids 60-67, with the mutated amino acid at position 61. 35 More recent studies identified murine T cell epitopes in K-Ras mutated at codon 12. T cell epitopes were mapped to K-Ras 4-12 (Val12) and K-Ras 5-17 (Val12), which were recognized by CTL and T helper cells respectively. 32, 36 Important to notice is that K-Ras 4-17 (Val12) contains overlapping epitopes that activate CTLs as well as T helper cells. Immunization with such peptides could result in a more comprehensive tumor-specific immune response. T cells specific for these epitopes demonstrated the capacity to cross-react against target cells pulsed with the peptide. They were also able to recognize tumor cells transfected with Kras containing the corresponding mutation. 32, 36 This is very important, since it demonstrates that the epitope can be endogenously processed and presented by tumor cells. The immunogenicity of mutated H-ras was investigated by in vitro immunization of normal murine lymphocytes with a set of 36 overlapping peptides containing the Gly-Leu substitution at position 61 37 and in vivo by immunization of mice with the mutated Ras protein 33 or mutant Ras peptides. 38 CTLs obtained after both immunizations were shown to specifically lyse target cells expressing the mutated H-Ras protein 37, 38 and 90% of peptide vaccinated mice remained tumor-free after challenge with Ras expressing tumor cells. 38 These data indicate that in mouse models mutated Ras proteins can serve as tumor antigens, which both T helper cells as well as CTLs can recognize.
Ras-specific T cell responses in humans
In humans the cellular immune response against the mutated Ras protein has also been examined (reviewed in Ref. 39) . CD4 + T cell responses were determined in Ras-positive pancreatic and colon cancer patients. It was shown that 44% of the pancreatic cancer patients and 8% of the colon cancer patients were able to respond to the Ras peptide containing a mutation at position 12. In contrast, T helper cells obtained from healthy individuals did not respond to either the mutated Ras peptides or wild-type Ras protein. 40 Several CD4 + T cell responses could be generated after in vitro immunization with mutant Ras peptides of normal human lymphocytes. [41] [42] [43] These T helper cells were restricted by HLA-DR, -DP or -DQ, dependent on the peptide used for in vitro immunization. In one study cytokine profiles were determined to be characteristic of the T helper 1 phenotype, which plays a role in cellular immunity, and CD4 + T cells were found to have cytotoxic capacities. 44 Thus, CD4 + T cells may also contribute to the elimination of Ras expressing tumor cells.
In vitro immunization with mutant Ras peptides has also resulted in CD8 + T cell responses. Stimulation of normal human lymphocytes with N-ras peptides reflecting a codon 61 mutation induced CTLs restricted by HLA-A2. 45 Another study showed Ras-specific CD8 + responses in a patient with a Ras expressing colon carcinoma. CTL clones obtained from this patient killed a colon carcinoma cell line expressing the same ras mutation as the patient's tumor did. The cytotoxic activity was restricted by HLA-B12. 46 These studies all show that Ras expressing tumors can elicit an immune response against mutated Ras, but these responses are not present in all patients bearing Ras + tumors, nor are they successful at eradicating the tumor. So far, there is no proof that the immune system can play a role in the prevention of spontaneous tumors. However, Ras-mediated immune escape mechanisms or tumor growth enhancement may explain the development of progressive tumors in the presence of an immune response against mutated Ras. This could also be an explanation for the fact that in many tumors constitutive activation of Ras is correlated with poorer prognosis. These mechanisms can be divided into three categories: escape from immune-mediated destruction, modulation of tumor cell growth and modulation of the metastatic capacity. These mechanisms will be discussed in detail below (Table 2) . 
Immune modulation by activated Ras
MHC downregulation by Ras
Low MHC expression levels on the cell surface will prevent effective recognition and tumor cell lysis by CTLs. As some oncogenes have been linked to MHC downregulation, such as c-myc in melanoma 47 and N-myc in neuroblastoma, 48 several studies have investigated the effect of Ras on MHC expression.
Mouse fibroblasts were transfected with activated H-ras and increased expression of the Ras protein resulted in downregulation of all MHC loci. 49 When a highly immunogenic murine leukemia cell line was transfected with activated K-ras and injected into mice, it was no longer able to induce a CTL response. 50 These same results were found in 3T3 fibroblasts transfected with mutant H-ras: downregulation of the MHC resulted in decreased immunogenicity. 51 Data from breast cancer patients support the correlation between Ras expression and MHC class I downregulation. In Ras-positive breast tumors, the level of Ras expression was inversely correlated with MHC class I expression levels. Furthermore, low HLA expression and high Ras expression was shown to correlate with increased levels of invasiveness. 8 Experiments determining the reason for this MHC downregulation showed that Ras affected neither promotor activity nor transcriptional activity of the MHC genes. This suggests that post-translational mechanisms may be involved. One explanation might be a decrease in transporter associated with antigen processing (TAP) expression. 49 TAP is responsible for transport of peptides into the endoplasmic reticulum (ER). In the ER peptides will form a complex with MHC class I molecules, which subsequently will be transported to the cell surface. Decreased TAP expression can result in a reduced availability of intracellular peptides in the ER and consequently a decreased number of MHC-peptide complexes on the cell surface. Other explanations for a decrease in MHC expression on the cell surface could be inhibition of proper MHC production or improper folding of MHC-peptide complexes in the ER. 49 In addition to CTLs, a second set of immune cells, which are able to kill tumor cells under some circumstances, are natural killer (NK) cells. Since NK cells can recognize cells without MHC expression, Ras-induced MHC downregulation may increase susceptibility to NK-mediated killing. This hypothesis was not supported by two studies that determined the susceptibility of ras-transfected cells to lysis by NK cells. Both untransfected and ras-transfected cells were equally sensitive to lysis by NK cells. 51, 52 In summary, downregulation of MHC class I by Ras greatly impairs the efficiency of recognition by CTLs and does not increase the sensitivity of tumor cells to NK activity. The effect of Ras on MHC expression may have important consequences for the effectiveness of immunotherapies and needs to be considered when designing immunotherapy for Ras expressing tumors.
The effect of Ras on antigen processing
As mentioned above, CTLs can recognize tumor-derived peptides presented in complex with MHC class I. If the antigen processing pathways are altered by Ras, recognition and subsequent killing of the tumor cells by CTLs may be influenced. An effect of Ras on antigen processing has been observed in an adenovirus tumor model, containing two CTL epitopes. The immunodominant epitope was no longer recognized by a specific CTL clone when activated Ras was transfected into the cell. However, a CTL clone against the subdominant epitope, which exhibits a lower capacity to activate CTLs than the immunodominant peptide, was still able to recognize and kill the tumor cell in the presence of Ras. This interesting observation could not be explained by low expression levels of MHC class I or low expression of the protein which contains the immunodominant epitope. 53 These data suggest that Ras selectively affects the antigen processing pathways: the cell surface expression of the immunodominant peptide is downregulated, resulting in the inability of CTLs to recognize and kill the tumor cells. The mechanisms of action in this model have not yet been addressed. If this Ras-mediated regulation of CTL epitope expression is a more general phenomenon, it could have implications for the development of CTLmediated immunotherapy of cancer. Most T cell-based immunotherapeutic strategies use tumor-derived CTL epitopes to induce a tumor-specific immune response. Therefore, downregulation of the expression of this particular CTL epitope could abolish the effectiveness of the immunotherapy.
Ras-mediated regulation of cytokines, growth factors and their receptors
Several studies have investigated possible effects of Ras on immunoregulatory cytokines and/or growth factors and have uncovered immune downregulation through regulation of cytokine expression or growth factors.
A growth factor involved in immune suppression mediated by Ras is transforming growth factor-␤ (TGF-␤). Ras was found to increase TGF-␤ production in tumor cells, which turned non-tumorigenic tumor cells into tumorigenic tumor cells. 54 Since TGF-␤ is known to suppress T cell activation, Rasinduced TGF-␤ production and subsequent downregulation of CTL responses could explain the observed tumor outgrowth.
A cytokine receptor, implicated in Ras-induced evasion of CTL-mediated killing, is the tumor necrosis factor-␣ (TNF) receptor. TNF-␣, which is produced by CTLs, can cause apoptosis of several tumors in vivo. Ras-mediated downregulation of TNF-␣ receptors results in resistance to killing by TNF-␣ and outgrowth of a tumor. 55 Another mechanism by which CTLs attempt to kill tumor cells is by Fas-Fas ligand interaction. Fas is a transmembrane protein expressed by tumor cells. 
Modulation of tumor growth
To enhance tumor growth Ras was shown to increase production of several growth factors and growth promoting cytokines. Several studies have observed an increase in IL-1 and IL-6 mRNA expression and stability mediated by activated Ras. 57, 58 In some models, upregulation of granulocyte-macrophage colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF) was also correlated with mutated Ras expression. In melanoma, it has been shown that enhanced production of IL-1 and IL-6 mediated by Ras results in a growth advantage for the tumor cells. The effect of enhanced GM-CSF production is paradoxical. On the one hand, injection of GM-CSF in humans with myeloid leukemia leads to a decrease in neutrophil recovery time after chemotherapy and increases sensitivity to some chemotherapeutic agents. 59 Furthermore, administration of GM-CSF is now used as an adjuvant immunotherapy in order to enhance the presentation capacity of professional antigen presenting cells, resulting in more efficient tumor-specific immune responses.
60-62 Thus, Ras-mediated increases in GM-CSF production might be detrimental to the tumor. On the other hand, activated Ras induces hypersensitivity to GM-CSF in JCML, when the negative regulator NFI is lost. This results in aberrant growth of hematopoietic cells. This Ras-mediated hypersensitivity to GM-CSF is thought to be a major step in the development of JCML. 63, 64 Another growth factor linked to activated Ras is vascular endothelial growth factor (VEGF). VEGF regulates the formation of blood vessels during embryonic development as well as endothelial cell permeability, motility and proliferation in vivo and is necessary for tumor growth beyond 2 mm 3 . Constitutive Ras activation has been directly correlated to upregulation of VEGF mRNA and consequently tumor progression.
65,66
Enhancement of the metastatic potential
Metastatic capacity of a tumor is dependent on a variety of factors. These factors are all involved in interaction between the tumor cells and their surrounding. Some of these factors are altered in the presence of activated Ras and are discussed below.
Ras-mediated regulation of adhesion molecules
Adhesion molecules play an important role in cell-cell and cell-matrix interactions. Alteration in the expression of these molecules can enhance the metastatic potential of tumor cells.
Expression of lymphocyte function-associated antigen-1 (LFA-1), an adhesion molecule which plays an important role in T cell-target interactions, was shown to be upregulated by activated Ras in EBV-infected human B lymphoblasts. 67 As LFA-1 is the ligand for intercellular adhesion molecule-1 (ICAM-1), upregulation of LFA-1 has been reported to facilitate invasion into other tissues expressing ICAM-1 molecules. For certain cell types, LFA-1 expression has been correlated with their capacity to invade and metastasize into surrounding tissues. 68 Therefore, increase of LFA-1 expression levels mediated by Ras may influence metastatic potential of tumor cells.
In metastatic melanoma constitutive Ras activation was directly correlated with an increased production of TNF-␣. 57 Increase in TNF-␣ production is associated with elevated expression of ICAM-1. Increased expression of ICAM-1 has been reported to result in increased binding between LFA-1 and ICAM-1 and consequently in enhanced interactions between T cells and cancer cells. 69 However, in melanoma, elevated ICAM-1 expression is correlated with increased risk of metastasis. 57 Thus, activated Ras may result in increased tumor metastatic potential through upregulation of TNF-␣ and ICAM-1.
The increased binding to and enhanced production of two other adhesion molecules, osteopontin and laminin, have also been associated with the presence of activated Ras. When the overexpression of these adhesion molecules was blocked and binding was abrogated, tumorigenicity of metastatic Ras expressing tumor cells was reduced. 70 This indicated that in this model Ras is responsible for the metastatic potential of the tumor cells through regulation of osteopontin and laminin.
Increase in proteolytic enzymes and decrease in inhibitors of these enzymes
A very important factor that also contributes to a metastatic capacity of tumor cells is their ability to degrade and invade through basement membranes. Several degradative enzymes, such as cathepsin L and B, play an important role in invasion of tissue. Normally these enzymes are located in the lysosomes. Overexpression in malignant cells results in secretion of these degradative enzymes. 71 Several in vitro and in vivo studies have demonstrated that the levels of cathepsin L and B were positively correlated with the level of Ras and the metastatic potential of the tumor cells. [72] [73] [74] [75] Moreover, in one study the activity of cathepsin inhibitors was shown to be decreased in the metastatic tumor cells. 72 Increased production of these enzymes and a decrease of the activity of their inhibitors will result in an increased potential to invade surrounding tissues and blood vessels in order to metastasize to other organs.
Activated Ras as a tumor antigen
Ras expressing tumors can initiate many changes in cells, which aim at avoiding destruction by the immune system and enhance tumor growth. On the other hand, mutated Ras also provides the immune system with a unique protein which contains several immunogenic T helper and CTL epitopes. Therefore, immunotherapy using Ras peptide vaccination in humans has recently been explored.
Mutant Ras peptides have been used to immunize patients harboring a ras mutation in their tumor cells. The first attempt to vaccinate patients with pancreatic cancer involved the vaccination with large amounts of autologous antigen presenting cells pulsed with K-Ras [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Five patients with pancreatic carcinoma and identified ras mutations participated in this study, 76 none of whom showed any T cell responsiveness against any of the Ras mutant peptides before vaccination. Two out of five patients responded with a transient T cell proliferation after two and three vaccinations. These responses were restricted to the mutant Ras peptide in the first patient, while in the second patient both wild-type Ras and mutant Ras peptides were able to elicit T cell proliferation. 76 The vaccination did not result in an increased survival in the responding patients. However, this might be explained by the large tumor burden and the deterioration of the immune sys-508 tem in the terminal stage of the disease. At this stage of disease, vaccination may come too late and this situation is therefore not ideal to test the efficacy of the vaccination. Since no adverse effects were observed in the five patients, this vaccination method is planned to be tested in patients with minimal residual disease. 76 The same vaccination regimen was repeated recently in a patient with pancreatic carcinoma resulting in the generation of Ras-specific cytotoxic CD4
+ and CD8 + T lymphocytes. These clones were able to efficiently kill a tumor cell line, derived from the patients' ascites and the HLA restriction for CTL-mediated lysis appeared to be HLA-B35. 77 In this protocol, a K-Ras peptide was used, which contained epitopes that could be recognized by CD8
+ and CD4 + T cells. This might ensure a more adequate immune response, since it is known that T helper cells may be essential for activating and maintaining the CTL responses in vivo. 78 In a phase I clinical trial eight patients were treated with a K-Ras peptide, in which the mutation matched the mutation detected in their primary carcinoma. The results showed that three patients developed a T cell-mediated immune response against the K-Ras peptide, consisting of a CD4 + T cell response, a CD8 + T cell response or both. 79 The finding that the CD8 + T cell response in one of the responding patients was restricted by HLA-A2, led to the discovery of two HLA-A2 epitopes in K-Ras, ie K-Ras 5-14 (Asp12) and K-Ras 4-12 (Val12). 79, 80 This patient also developed a T helper response after peptide vaccination, indicating the presence of a second, overlapping T helper epitope. 79 Recently, five phase I and II clinical trials have been initiated treating carcinoma patients, whose tumors express a ras mutation at codon 12.
39,81 These different clinical trials use mutant peptides with and without GM-CSF and IL-2, whole Ras proteins and transfer of Ras-specific T cells. Preliminary results of a phase II clinical trial, which has recruited 45 patients so far, using Ras peptide vaccination and GM-CSF as adjuvant, show that in approximately 50% of patients with operable pancreatic carcinoma a T cellmediated immune response was induced. 81 The vaccination method used in these pilot studies might be improved by using pure dendritic cells (DCs) loaded with the peptide of interest. DCs are the most potent stimulators of native T cells and can very efficiently activate dormant T cells. 82 In the mixture of cells used in the studies mentioned DCs are present, but most likely represent only a small proportion of the total number of cells. Furthermore, this approach will prevent the possible tolerizing effect of peptides. Vaccination with peptide in adjuvant can sometimes lead to enhancement of tumor growth instead of protection. This effect was shown to be mediated by induction of tolerance of T cells. 83, 84 Tolerance can be avoided when peptides are introduced in the host by a carrier, ie loaded on to DCs. 85 The limited results obtained with peptide vaccination in pancreatic carcinoma patients are difficult to interpret, since the numbers of patients are small. As more clinical trials come to an end, results will show if immunotherapy as tested can result in a clinical benefit for the patients with Ras expressing tumors. As mentioned before, the success of these vaccination strategies is often dependent on the immune status of the patients. Furthermore, in most cases the tumor burden is too large for any immune response to result in tumor regression after peptide vaccination. Another factor influencing the success of immunotherapy is the MHC expression in the treated patients. Since Ras has been shown to downregulate MHC expression in some cases, it would be sensible to determine the levels of MHC molecules on the patients' tumor. When this level is very low, CTL epitopes will not be efficiently presented and T cell-mediated immunotherapy will therefore be ineffective. Treatment with interferon-␥ of the patients with low MHC expression might increase levels of MHC molecules on the tumor cell surface, which could increase the efficacy of immunotherapy.
In leukemia, T cell-based immunotherapy remains a largely unexplored area of research. In practice only a certain subset of patients would be eligible for this kind of therapy. These would be patients who are not severely immune suppressed by previous treatments such as aggressive chemotherapy and bone marrow transplantation. Ras-specific immunotherapy might be effective in myeloid leukemia patients who have undergone induction chemotherapy. In these patients, the leukemia has been reduced to minimal residual disease. This might be the best opportunity to start immunotherapy successfully.
Blocking Ras functions
Treatment of advanced forms of cancer mostly consists of chemotherapy and/or radiotherapy. The success of chemotherapy is dependent on the sensitivity of the tumor tissue to the drugs. However, in most tumors this sensitivity is progressively lost and the effect of chemotherapy is reduced. One of the mechanisms behind resistance to chemotherapy may be Ras dependent. It has been reported that in melanoma the activated N-Ras can evoke chemoresistance both in vitro and in vivo by blocking apoptosis. 86 It is therefore essential to develop new kinds of therapy, which target tumor cells expressing activated Ras. Mutated Ras was described above as a target for immunotherapy. Another approach to the treatment of these kinds of tumors has focussed on blocking Ras function.
Farnesyl transferase inhibitors
One of the most successful drugs to block Ras activity is the farnesyl transferase inhibitor (FTI). Ras is produced as a precursor molecule that requires several post-translational modifications, which increase its hydrophobicity and result in association with the plasma membrane. Farnesylation is one of those modifications and is the only one that is necessary for Ras transforming activity. 87 The enzyme involved in this process is farnesyl protein transferase (FPTase). It catalyzes the transfer of a farnesyl group to a cysteine residue located near the C-terminus of the protein. This farnesylation is dependent on the CAAX motive, which represents the cysteine (C) to be farnesylated, two nonpolar hydrophobic aliphatic amino acids (A) and preferably methionine, serine or phenylalanine at the last position (X). FPTase can be inhibited by a series of drugs called farnesyl transferase inhibitors. These inhibitors specifically block the farnesylation of Ras proteins, antagonize its cell transforming activities 88 and therefore can be used as antitumor agents. Several groups (ie natural product inhibitors, bisubstrate derivatives and peptidomimetics) of FTIs have been described and some of them seem to be very effective and well tolerated. 87, 89 Peptide analogues were designed to inhibit FPTase activity on the basis of the last four amino acids of the Ras protein. These inhibitors have been reported to be very specific, since the minimal concentration at which they are effective is fairly low. The most promising FTI, L-744,832 was tested in mouse Review S Weijzen et al 509 models. L744,832 was shown to inhibit growth in vitro in 70% of all tumor cell lines at low concentrations. When Hras transgenic mice with substantial spontaneous mammary and salivary tumors were treated, tumors regressed completely within 2 weeks in 100% of the mice. The effectiveness of this new anti-tumor drug was compared to that of doxorubicin, a traditional chemotherapeutic agent. At its maximal tolerated dose, treatment with doxorubicin of these tumors only slowed down tumor growth and provoked severe systemic toxicity. When L-744,832 treatment was abrogated, tumor growth restarted in all mice, but a second cycle of L-744,832 treatment of the grown tumors again resulted in further regression after 2-6 weeks in two out of three mice. No systemic toxicity was observed. 90 The previously mentioned studies have all been performed in mice or cells expressing mutated H-ras. However, when comparable studies were performed in cells transformed by K-ras or N-ras, FTI appeared to be less potent at inhibiting Ras farnesylation. 91, 92 FTIs cannot only be used as treatment for tumors expressing mutated Ras, but also for tumors in which Ras is deregulated through other mechanisms. A report on the use of FTI in tumor cell lines obtained from neurofibromatosis patients, which lack NF1 and therefore have constitutive Ras activation, showed that the malignant growth properties could be blocked. 93 These results are very encouraging, but there are two concerns which need to be addressed. The first is whether these compounds will have an effect on cells expressing wild-type Ras. The second concern is the effect FTI might have on T cell signaling, since Ras is known to play an important role in signal transduction via the TCR. Before these drugs can be applied in a clinical setting, these issues must be addressed with great care.
A more general remark is that these kind of drugs will probably act as cytostatic agents, since most results show they are effective at accomplishing tumor regression, but unable to completely eradicate tumors. However, treatment with FTI is likely to result in a dramatic decrease in tumor burden, which is the perfect situation for the start of any immunotherapy. Theoretically, treatment with FTI might increase the chance of success of immunotherapy not only by reducing tumor size, but also by suppressing the effects of Ras on the immune recognition of tumor cells. Combinations of immunotherapy or conventional chemotherapy with FPTase inhibitor treatment could result in a very efficient therapy for tumors expressing activated Ras, if effects of FTI on T cell activation can be avoided.
However, the possibility of tumor cells developing resistance to FTI as an attempt to escape growth inhibition needs to be considered. A cell line resistant to FPTase inhibitors has already been described: the transformed phenotype and growth potential of a ras-transformed cell line were not affected by treatment with a concentration of an FTI 30-fold higher than that sufficient to inhibit farnesylation in other ras-transformed cells. 94 The resistance was caused by a reduced ability of the compound to inhibit farnesylation of Ras. This was not due to increased multiple drug resistance gene activity, decreased FTI accumulation or mutations in the FPTase. Thus, the mechanism of action behind this phenomenon remains unknown. 94 
Antisense ras
A second agent used to block mutated Ras activity is antisense Ras RNA. This technique has been used in only a very limited number of tumors. In human lung cancer cells and pancreatic cancer cells, introduction of antisense K-Ras RNA was shown to block K-Ras specifically, whereas expression of H-Ras and N-Ras and the wild-type K-Ras remained unchanged. The reduced expression of K-Ras resulted in a decrease in in vitro colony formation and tumorigenicity of the human tumor cells in nude mice. However, cell viability was not completely abrogated and although the rate of tumor growth was diminished, tumors continued to grow in vivo.
95-98
Neutralizing anti-Ras antibody
Recently a neutralizing, intracellular anti-Ras antibody was engineered and tested in human cancer cells. In vitro intracellular introduction of this antibody resulted in a 70% decrease in H-Ras expression and consequent induction of apoptosis in ras-transformed cells, but not in untransformed cells. Furthermore, intratumoral injection of the antibody in a nude mouse promoted sustained, but not permanent, regression of a tumor expressing mutated K-ras. 99 
Reovirus therapy
A recent development in the search for Ras expressing tumor therapy is the application of reoviruses. Human reovirus requires an activated Ras signaling pathway to infect a cell.
In vitro experiments showed that within 24 h after infection with the reovirus, the host protein synthesis is shut down and eventually the virus will lyse the host cell. Therefore, reovirus was used to infect immunocompetent mice with an established Ras expressing tumor to determine the effect of infection in vivo. After multiple injections of the reovirus, complete regression of the Ras expressing tumor was observed in 66% of the mice. The presence of neutralizing antibodies against the reovirus did not eliminate the therapeutic effect and the reovirus remained confined to the tumor mass. 100 The advantage of this therapeutic approach is that this virus can infect all cells with an activated ras pathway, regardless of the reason for Ras activation: it is not specific for a certain mutation or a certain isoform of Ras. Since reovirus infection in humans is believed to be asymptomatic, this approach might prove to be a very potent anticancer therapeutic.
General conclusions
The observation that in some types of cancer, activated Ras expression results in a poorer prognosis and a decreased 5-year survival can be linked to several mechanisms. These mechanisms can lead to increased growth and metastatic potential and evasion of recognition and destruction by the immune system. The expression of MHC molecules, CTL epitopes, cytokines, growth factors and their receptors and adhesion molecules are involved in modulation of the cellular interactions between tumor cells themselves, between tumor cells and the surrounding tissue and between tumor cells and cells of the immune system. In leukemia, most studies so far have focussed on determining the mutation rate of the ras genes in the different forms of leukemia. Several reports have only recently shown a possible correlation between leukemia prognosis and the presence of ras mutations. The mechanisms described above may be responsible for these differences in 510 prognosis. The relative contribution of each mechanism in the specific forms of leukemia remains to be investigated.
Some critical remarks should be made regarding the studies reviewed here. It is important to realize that, even though there are strong indications for the greater part of these Rasrelated mechanisms, most of these studies only tested their hypothesis on a limited number of cell lines or malignancies. It would be interesting to determine which of these mechanisms can be generalized. Furthermore, the majority of these studies were performed in vitro. Ras-transfected cell lines were used to determine which effects Ras might have in an in vivo situation. In vivo, however, malignancies most likely develop as a consequence of multiple mutational events. The exact role of activated Ras in the development and maintenance of tumors needs to be further elucidated. The few in vivo observations which have been related to activated Ras may well be the result of complex interactions between different intercellular proteins deregulated by several tumorigenic mutations.
Several mechanisms have been proposed to explain the Ras-mediated effects. In some studies Ras activation influenced mRNA expression levels and stability of certain proteins, in other studies post-translational interference of Ras is suggested to be involved. This area of research could provide us with more insight into Ras pathways, which may lead to the discovery of new possibilities to block specific Rasinduced effects.
Immunotherapeutic strategies with Ras epitopes as a target for CTL-mediated destruction are currently being explored. The final results of clinical trials using antigen processing cells loaded with Ras peptides are not available as yet. However, preliminary results are encouraging, since peptide vaccination can induce a Ras-specific immune response in 50% of Raspositive cancer patients.
Drug therapy, using farnesyltransferase inhibitors is very efficient at achieving tumor regression of Ras expressing tumors. When the possible side-effects of FTI on untransformed cells and T cells have been elucidated, FTI treatment might prove to be a good treatment option in patients with Ras-positive tumors.
Miscellaneous Ras-directed therapies, such as use of the reovirus and intracellular ras-specific antibody are very elegant ways to block activated Ras. Clinical trials should supply information about toxicity and safety of these kinds of therapies. Furthermore, the effectivity in humans should be determined in a clinical trial.
It would be interesting to determine whether farnesyl transferase inhibitors or other Ras antagonists are able to revert the mechanisms that result in increased metastatic ability and evasion of immune responses. In that case, Ras expressing tumor cells, treated with Ras antagonists, might become more sensitive to the effects of chemo-and immunotherapy, resulting in better prognosis and higher survival rates in patients with Ras expressing tumors, including, but not limited to, several forms of leukemia.
